We demonstrated that both the A and B subunits of heat-labile enterotoxin from Escherichia coli are located in the periplasm. The toxin was shown to form aggregates in Tris-EDTA buffers which are routinely used for isolating membranes. The aggregates pellet upon centrifugation, and this may explain why several previous investigators have concluded that enterotoxin is associated with membranes.
The heat-labile enterotoxin synthesized by certain enterotoxigenic strains of Escherichia coli is a plasmid-encoded protein toxin (14) which causes severe diarrhea in humans and domestic animals (30) . The toxin is a protein complex composed of a single A subunit (molecular weight, 28,000) and five identical B subunits (molecular weight, 11,500) (2, 12, 20) . The B subunits bind to the intestinal epithelium by interacting with ganglioside GM1 or glycoprotein receptors (17, 18) . The A subunit then penetrates the membrane and activates adenylate cyclase by catalyzing the transfer of ADP-ribose from NAD+ to the regulatory subunit of the enzyme (13, 26) . The resultant increased concentration of cyclic AMP causes changes in ion fluxes across the intestinal epithelium, resulting in cellular dehydration and diarrhea.
To cause these effects, enterotoxin must presumably be exported from the bacterium into the surrounding medium, or be located at the bacterial cell surface so that it has access to the intestinal epithelium. The mechanism of export of the toxin through the bacterial cell envelope is not well understood. The DNA sequences of the genes coding for each subunit indicate that the polypeptides are initially synthesized as precursors containing signal sequences (4, 32, 37) . These sequences are characteristic of proteins which are translocated through the cytoplasmic membrane and have a cellular location in the periplasm or outer membrane. Once translocation has been accomplished, the signal sequence is cleaved off to produce the mature polypeptide (for review, see reference 19) . We have previously identified a 13,000-dalton polypeptide as the precursor of the B subunit, confirming that it is an exported protein (28) .
However, the question of whether enterotoxin remains within the envelope, and if it does where it is located, is unresolved. Wensink and co-workers (35) have shown that ca. 50% of heat-labile enterotoxin is located in the outer membrane of enterotoxigenic E. coli. The remaining enterotoxin activity was found in the cytoplasmic membrane, periplasm, and cytoplasm. A later study showed that a small proportion of toxin was associated with outer membrane fragments which were released from growing cells into the medium (10) . In a previous paper (28) we showed that the B subunit of enterotoxin when synthesized in E. coli minicells was associated with the envelope fraction. These results contrasted with earlier reports by Evans et al. (6) that enterotoxin could be released from the periplasm by using the antibiotic polymixin B, which disrupts the outer membrane and releases periplasmic proteins (33 were later obtained by Kunkel and Robertson (21) , who showed that polymixin B, osmotic shock, and spheroplasting, all of which are methods of releasing periplasmic proteins, also released heat-labile enterotoxin.
The results presented here show that both the A and B subunits of heat-labile enterotoxin of E. coli are soluble periplasmic proteins which are completely released from spheroplasts. We also show that enterotoxin forms aggregates in Tris-EDTA buffers of low ionic strength, which are routinely used for isolating membranes (27, 36) . On centrifugation, aggregated enterotoxin pellets, as do membranes, and this may explain why several studies have concluded that enterotoxin is associated with membranes.
MATERIALS AND METHODS
Materials.
[35S]methionine (ca. 1,000 Ci/mmol) was purchased from the Radiochemical Centre, Amersham, England. Lysozyme, cholera toxin, and ampicillin were from Sigma Chemical Company, St. Louis, Mo. The antiserum against cholera toxin A subunit was the generous gift of J. Holmgren.
Strains. All experiments were performed with E. coli K-12 C600 (F-Thr-Leu-Thi-) which contained plasmid EWD299 (5). This recombinant plasmid encodes heat-labile enterotoxin and f-lactamase.
Labeling of polypeptides with radioactive methionine. Cultures of strain K-12 C600 EWD299 were grown at 37°C in M9 minimal medium (25) supplemented with 0.001% thiamine-0.01% threonine-0.01% leucine-0.4% glycerol-0.01% ampi- 6 ) at a concentration of 5 optical density units of cells per ml. The cells were washed twice in the same buffer, and 100 ,ug of lysozyme per ml were added. After 10 min of incubation on ice with occasional shaking, the cells were lysed by two rounds of freezing and thawing. An equal volume of buffer was added, and any unlysed cells were removed by low-speed centrifugation (15 min at 1,200 x g). The membranes in the supernatant were then pelleted by high-speed centrifugation in the SW60 rotor at 60,000 rpm for 2 h at 4°C. Membranes were suspended in 1 ml of 57% (wt/wt) sucrose-5 mM EDTA (pH 8) and placed at the bottom of an SW41 centrifuge tube. A gradient was constructed by layering onto this, 1 ml of 55% and 2 ml each of 50, 45, 40, 35, and 30% (wt/wt) sucrose in the same buffer. The membranes were floated to their isopycnic densities by centrifugation in the SW41 rotor at 38,000 rpm for 64 h at 4°C. Twelve 1-ml fractions were collected from each gradient using an Isco fractionator. Each fraction was assayed for NADH dehydrogenase activity (27) and by scanning autoradiograms for lipoprotein and enterotoxin B subunit. The refractive index of each gradient fraction was also determined.
Other techniques. Immunoprecipitation, gel electrophoresis, and autoradiography were performed as described previously (29) .
Quantification of data. Autoradiograms were scanned by using a Joyce Loebl densitometer (Chromoscan 3) to determine the amount of radioactivity present in individual bands. The rasterscan mode was used, which allows the amount of material within a defined area to be estimated.
RESULTS
The cellular location of heat-labile enterotoxin was studied in exponentially growing cultures of E. coli K-12 C600 harboring the recombinant plasmid EWD299, which codes for the synthesis of both subunits (3). The cultures were labeled with [35S]methionine, and the cells were separated by centrifugation from the medium. The cells were then fractionated into spheroplasts and periplasm, and the proteins of each fraction were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 1) . The medium contains no detectable radioactive proteins (Fig. 1 , lane 1), whereas the periplasmic fraction (lane 3) contains a characteristic set of proteins including ,-lactamase and a species with an apparent molecular weight of the marker B subunit (11, 500) .
To show that this protein was indeed the enterotoxin B subunit, we used an assay for it developed previously (16) . This assay depends on the property that at room temperature in sodium dodecyl sulfate-containing buffers the subunit remains as a pentamer, which dissociates into monomers on boiling. The sample to be assayed was subjected, without boiling, to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After this first step of electrophoresis, the region of gel that contains the oligomer of the toxin was excised. The gel piece was boiled to dissociate the oligomer and then used as a sample for the second gel. At this point the monomers can be quantified, since they electrophorese much faster than all other proteins in the gel piece whose molecular weights have remained unchanged by boiling. Bacteria harboring control plasmids which either do not contain or do not express the enterotoxin genes show no B subunit band when subjected to the procedure.
This technique was used to show the effect of the concentration of phosphate in the spheroplasting buffer on the apparent location of the B subunit (Fig. 2) . As the concentration of sodium phosphate increases from 0 to 100 mM, the quantity of B subunit in the periplasmic fraction increases from 0 to a maximum value (Fig. 2 , lanes 6 through 10 and Fig. 3 ). At the same time the amount of subunit left in the spheroplast fraction decreases from approximately the same maximum value to almost 0 (Fig. 2, lanes 1 through 5) (Fig. 3) . In the absence of sodium phosphate when spheroplasting is less efficient, nearly half the P-lactamase is located in the periplasm fraction, but none of the B subunit is found there (Fig. 3) .
The association of the B subunit with spheroplasts under conditions of low ionic strength may be explained in two ways. Either the enterotoxin may aggregate and pellet with the spheroplasts or it may be weakly associated with membrane and be released by sodium phosphate. If the latter were the case, then the interaction with membranes is unlikely to be important physiologically since the cells were grown in a medium containing 60 mM phosphate which would disrupt the putative association. It is assumed for the purpose of this argument that the periplasm has an ionic composition very similar to the medium.
To test whether enterotoxin forms sedimentable aggregates in conditions of low ionic strength, we carried out experiments in which a periplasmic fraction prepared in 100 mM sodium phosphate was cleared by high-speed centrifugation of a small quantity of contaminating membrane and then dialyzed into low ionic strength buffer. The formation of aggregates during the dialysis was demonstrated by subjecting the dialysate to high-speed centrifugation, followed by analysis of the pellet and supernatant. The result of such an experiment is shown in Fig. 4 . Before dialysis nearly all of Effect of sodium phosphate concentration on the location of the B subunit. Labeled cells were spheroplasted by lysozyme-EDTA treatment in buffers containing different concentrations of sodium phosphate and were separated into spheroplasts and periplasm fractions as described in the text. The amount of enterotoxin B subunit in spheroplasts (lanes 1 through 5) and in periplasm (lanes 6 through 10) was analyzed by the technique described in the text. The samples were subjected to a first step of electrophoresis without boiling. Regions that contained the oligomer were excised from that gel and subjected to a second step of electrophoresis which was identical to the first, except that the samples which were gel pieces containing the polypeptides of interest were boiled before application. Only the second gel is shown here. The molecular weight region that corresponds to the portion excised from the first gel is indicated by the lines. The lower boundary of this portion was the position of migration of the cholera toxin oligomer, which migrates just below the enterotoxin in this gel system, and the upper boundary was taken as 1.4 cm above that protein. The (lanes 3 and 4) or absence (lanes 1 and 2) of 60 mM NaPO4 were assayed for the A subunit by immunoprecipitation with a rabbit antiserum raised against purified cholera toxin A subunit. The immunoprecipitates were analyzed by gel electrophoresis and autoradiography. Lanes 5 through 9 show an experiment similar to that in Fig. 4 . A periplasmic fraction was prepared and treated as described in the legend to Fig. 4 the B subunit present in the periplasmic fraction (Fig. 4 , lane 1) remained in the high-speed supernatant (lane 2) and did not appear in the pellet (lane 3). After dialyzing the supernatant (Fig. 4, lane 2 ) against a buffer of low ionic strength commonly used for membrane preparations, more than three quarters of the B subunits pelleted (lanes 4 and 5), thus demonstrating that in this buffer the B subunits were aggregated. The aggregates were stable in 2% Triton X-100 (Fig. 4 , lane 8) but were partially disrupted by 250 mM potassium chloride (lanes 6 and 7) . This suggests that ionic interactions rather than hydrophobic ones are involved in aggregate formation. It is interesting that an unidentified periplasmic protein behaved in precisely the same way as the B subunit (Fig. 4) . Other major components of the periplasm, such as 1-lactamase remained in the supernatant under all conditions.
All of the results described so far apply to the location and behavior of the enterotoxin B subunit. To obtain information about the A subunit, fractions were assayed by using immunoprecipitation with a specific antiserum raised against the A subunit of cholera toxin. The data in Fig. 5 show that the A subunit behaves in a manner similar to the B subunit. When cells were spheroplasted in a buffer lacking sodium phosphate, the A subunit pelleted with the spheroplasts (Fig. 5,  lanes 1 and 2) . However, when 60 mM phosphate was used, the A subunit remained in the periplasmic fraction (Fig. 5,  lanes 3 and 4) . When such a periplasmic fraction which contained the A subunit was centrifuged, the A subunit remained in the supernatant fraction (Fig. 5, lanes 5 through  7) , but after dialysis of this supernatant into the Tris-EDTA buffer, most of the A subunit pelleted (lanes 8 and 9) .
The studies described above indicate that enterotoxin can aggregate in low ionic strength buffers in vitro. This alone could be the reason that it is found in membrane pellets under some conditions. However, it is also possible that there is a real and specific association between membranes and enterotoxin in these buffers and that it is this association which causes the enterotoxin to fractionate with membranes. To establish whether this was the case, labeled cells were broken by freeze-thaw lysis in the presence of EDTA and lysozyme, and the membranes were collected by centrifugation. Under the buffer conditions used, about half of the enterotoxin B subunit was found in the membrane pellet. The membranes were suspended in a solution containing 57% (wt/wt) sucrose, applied to the bottom of a sucrose gradient, and subjected to equilibrium density centrifugation. During centrifugation any membrane-associated proteins would float with the membrane to its equilibrium density. However, an aggregate not associated with the membrane would remain approximately at the sucrose density at which it was applied, since sedimentation of proteins is negligible in solutions of such density and viscosity. During centrifugation more than 90% of the B subunit did not move from the density in which it was applied, whereas more than 85% of the lipoprotein and more than 95% of NADH dehydrogenase, markers of the outer and cytoplasmic membranes, respectively, floated away from the enterotoxin (Fig.  6) . We conclude that even under conditions in which enterotoxin can be isolated with a membrane fraction, it is not a membrane-associated protein.
DISCUSSION
Heat-labile enterotoxin and cholera toxin are closely related proteins, both structurally and in their modes of action (11, 12, 26) . The cellular location of these toxins in E. coli and Vibrio cholerae has been studied in several laboratories, with conflicting results. Witholt and co-workers found that heat-labile enterotoxin was an outer membrane protein, although a proportion was also found in other cellular compartments (35) . We also showed previously that the B subunit of enterotoxin when synthesized in E. coli minicells is associated with the envelope fraction (28). Fernandes and Bayer detected a membrane-bound form of cholera toxin when cultures of V. cholerae were grown aerobically (7) . In addition, a cytoplasmic membrane enzyme activity attributed to the A subunit of cholera toxin has been shown to catalyze the transfer of ADP-ribose to a 44,000-dalton polypeptide present in the cytoplasmic membrane (9) . All of these results suggest a membrane location for both toxins.
In contrast, other evidence has indicated that heat-labile enterotoxin is in the periplasm, since it was released from cells by methods known to release periplasmic proteins (6, 21) . A periplasmic pool of cholera toxin A subunit has also been detected (24) .
Recently, studies on the physical properties of purified cholera toxin have shown that it lacks any hydrophobic regions on its surface which might interact with membranes (34) . These results suggest that cholera toxin is a soluble protein. Similar studies have not yet been performed on heat-labile enterotoxin. In this paper we showed that spheroplasting enterotoxigenic E. coli releases heat-labile enterotoxin. All of the enterotoxin is released by this procedure, which shows that it is a soluble periplasmic protein. We also showed that in Tris-EDTA buffers commonly used in the isolation of membranes, enterotoxin aggregates. The aggregates sediment with membranes but are not associated with them. This may explain why previous studies on the cellular location of enterotoxin have concluded that it is a membrane protein. The aggregates can be disrupted by moderate salt concentrations but are stable in nonionic detergents, suggesting that aggregation is due to ionic interactions. This tendency to form easily redissolved aggregates could perhaps be exploited in purification of the toxins.
All of the above results were obtained with a laboratory strain of E. coli containing the enterotoxin genes inserted into a cloning vector. It is possible that this strain behaves differently from wild-type strains with respect to location of the enterotoxin. However, we have recently obtained evidence from studies of several wild-type enterotoxinogenic strains of E. coli that heat-labile enterotoxin is released from these cells by procedures which release periplasmic proteins (T. Hirst and J. Holmgren, unpublished observations). Thus, it seems likely that the toxin is located in the periplasm of these strains also.
If heat-labile enterotoxin remains a periplasmic protein throughout cell growth, it is difficult to see how it is able to cause diarrhea when shielded from the intestinal epithelium by the E. coli outer membrane. It therefore seems probable that in the mammalian intestine the contents of the periplasm of E. coli are released into or leak into the gut. Fernandes and Smith showed that anaerobic growth of V. cholerae greatly increased the release of soluble toxin (8) , and Fernandes and Bayer showed that bile salts release cholera toxin from isolated membranes (7). Kunkel and Robertson have shown that E. coli enterotoxin is released by adjusting the pH of the medium in which the cells were suspended to 8.0 (21). Gankema et al. have shown that release of enterotoxin from growing E. coli occurs simultaneously with release of blebs of the outer membrane (10) . It is possible that release of outer membrane blebs is associated with leakage of the periplasm into the gut. It should be kept in mind that strains of E. coli carrying the heat-labile enterotoxin genes are not pathogenic unless they also carry the gene for an adhesion factor (31) . It is possible that this not only allows the bacteria to colonize the gut but it, or the product of a closely linked gene, mediates release of enterotoxin from the periplasm. In any event it is obvious that to understand the pathogenesis of enterotoxinogenic E. coli it will be necessary to describe the mechanism by which enterotoxin is released or exported from its periplasmic pool.
